Global warming driven by rising greenhouse-gas concentrations is expected to cause wet regions of the tropics and mid to high latitudes to get wetter and subtropical dry regions to get drier and expand polewards [1] [2] [3] [4] . Over southwest North America, models project a steady drop in precipitation minus evapotranspiration, P − E, the net flux of water at the land surface [5] [6] [7] , leading to, for example, a decline in Colorado River flow [8] [9] [10] [11] . This would cause widespread and important social and ecological consequences [12] [13] [14] . Here, using new simulations from the Coupled Model Intercomparison Project Five, to be assessed in Intergovernmental Panel on Climate Change Assessment Report Five, we extend previous work by examining changes in P, E, runoff and soil moisture by season and for three different water resource regions. Focusing on the near future, 2021-2040, the new simulations project declines in surface-water availability across the southwest that translate into reduced soil moisture and runoff in California and Nevada, the Colorado River headwaters and Texas.
and central Arizona and New Mexico and almost all of Texas. To the north, in central and northern California, Nevada, Utah and Colorado the models project increased winter P. In spring (April-June, AMJ) the region of reduced P extends to include all of California and most of Utah, Nevada and Oregon.
Southwest North America is also projected to warm in the coming decades as a consequence of rising greenhouse-gas concentrations (see Supplementary Information) and the increased evaporative demand can drive higher E (ref. 18) , which can lead to an increase in P through moisture recycling or atmospheric export of evaporated moisture 19, 20 . Hence, a better measure of future water availability is the change in P − E, the net flux of water substance at the land surface (Fig. 1) . The region of projected winter drying includes all of Mexico, Texas, New Mexico, Arizona and most of Utah and Nevada. Winter P − E increases in northern California but by less than P increases. In spring, northern Mexico, Texas and the southern parts of Arizona and New Mexico all have increased mean P − E, although P decreases in much of this same area. The strongest (order 0.3 mm d −1 ) reductions of P − E are in California, Nevada, Utah and Colorado. In summer, P is projected to decline across all of the western Pacific states, Idaho and Nevada and also in Oklahoma and Kansas but to increase in the Four Corners region and at the intersection of northern Mexico, New Mexico and Texas. Summer P − E becomes more positive in southern California, southern Nevada, Arizona, western New Mexico and much of Texas and becomes more negative in regions to the north. In regions where spring and summer P − E becomes more positive even as P decreases it is because E decreases consistent with less soil moisture due to a drop in previous winter season P.
To examine how consistently models project drying in the southwest US, and how this varies with time, in Fig. 2 we show the results for all of the simulations with all of the models plotted as the change in P −E for two-decade periods in the present century (2001-2020, 2021-2040 and so on) relative to 1951-2000 averaged over three quite different water resource regions. These are California and Nevada (here represented by 32
• -42
• N, 125
• -113
• W, land areas alone). California obtains most of its water from the Sierra Nevada Mountain Range, on which it largely falls as snow in winter 21 . The second region is the Colorado River headwaters (37
• -106
• W), which receive substantial winter snowfall as well as summer rainfall, and feed the Colorado River, which provides water to 7 states and Mexico 8, 12, 22 . The third region is Texas (26
• -93
• W, land areas alone), which uses water from rivers and groundwater within its own borders 23 . For each model, the changes for individual runs are plotted as black dots and the ensemble mean as a red dot. As such the influence of natural variability on the two-decade means is represented in the scatter of the black dots around the ensemble mean. Despite this inclusion of the full impact of model natural variability, it is clear that in the next two-decade period, and more so by the mid-century, most (it ranges between 59 and 78%) of the simulations project a decrease in P − E in each of the three regions. Drying intensifies as the century advances. From the point of view of applications in water resources, agriculture, and land and ecosystem management, it is the impact of changes in P −E on runoff and soil moisture that is important. In addition, as much of the region's water storage depends on inflows from winter P, whereas crops depend on soil moisture in the growing season, changes by season, as opposed to just the annual mean, are important. In Fig. 3 we therefore show the changes in P, E, soil moisture and runoff for the three regions for four seasons and the annual mean, and for 2021-2040 minus 1951-2000 in the form of box and whisker diagrams. In the JFM season, median (indicated by the horizontal line across the box) P shows little change, and mean (shown by the asterisk) P increases when averaged over California and Nevada, and both mean and median P increase when averaged over the Colorado headwaters. However, in both regions mean and median E increase (driven by warming). For California and Nevada all model runs have an increase in E and for the Colorado headwaters more than 75% have an increase in E. The net effect is that in both areas P −E in the JFM season changes little (see Supplementary Information) and neither does soil moisture. Changes in JFM runoff for California and Nevada are also scattered around no change but for the Colorado headwaters 75% of the model runs have an increase in JFM runoff with a mean increase of about 25%, probably caused by more of P falling as rain instead of snow and/or earlier snowmelt 24 . In contrast, in Texas during JFM, 75% of model runs have a P decrease, E increases and 75% or more of model runs have notable declines in both soil moisture and runoff.
For California and Nevada, in the remaining seasons, most model runs have both a decrease in P and an increase in E (other than in JJA) that translates into the mean, median and most of the model runs having declines in both runoff and soil moisture. Of these, the most pronounced change is an about 20% decline in spring runoff that is driven by a drop in spring P.
In the Colorado headwaters mean P actually increases in all seasons and the median does in all but AMJ. However, a clear model tendency for increased E throughout the year translates into a tendency for a decline in soil moisture in spring, summer and autumn. Runoff declines in spring by about 25% in the mean, primarily because of a large increase in E driven by warming (see Supplementary Information), but increases in autumn probably owing to more of the total P falling as rain instead of snow (as in winter, for example ref. 25 ). In Texas, mean and median P decline in all seasons except summer. Mean and median E decrease in spring and summer but increase modestly in winter and autumn. Reduced E in spring and summer follows on from reduced P in the preceding autumn and winter. These changes translate into median drops in runoff of around 10% or more year round and consistent and robust drops in soil moisture but only by a few per cent.
In the annual average, the mean and median runoff decreases in all three regions by about 10%, with greater model agreement (more than 75% of model runs) for the Colorado headwaters and Texas than for California and Nevada. Annual average mean and median soil moisture also decreases in all three regions with the largest and most certain drop in Texas but by less than 5%.
The patterns and magnitudes of near-term changes in P − E across North America reported here confirm earlier results 5 . As climate models have advanced since the previous analysis, including in their spatial resolution, this increases confidence in the projections of drying in the southwest. However, it should be noted that state-of-the-art global models still cannot fully represent the complex topography of western North America and its effect on regional climate (see Supplementary Information) . The present work extends the earlier work by analysing the changes by season and the impacts on runoff and soil moisture in key regions. California and Nevada are heavily dependent on winter P, which is projected to increase in the northern parts of the region. Despite this, projected increases in winter and spring E cause a projected decrease in runoff in spring and soil moisture throughout the year. In a quite different climatic environment, a projected decrease in Colorado headwaters runoff and soil moisture arises from a projected increase in E. Texas is more likely to experience a decrease in P in most seasons that is sufficient to drive a decrease in E in spring and summer and a likely year-round drop in runoff and soil moisture. The decreases in runoff reach 10% or more in the annual average and around 25% in spring for the Colorado headwaters, amounts that compare well with the warming-induced reductions calculated by ref. 26 . In all cases, the model ensemble includes some members that have increases in runoff and soil moisture in coming decades, emphasizing the fact that for 2021-2040 the amplitude of the anthropogenic drying is comparable to that of natural decadal LETTERS variability. However, for soil moisture in Texas and runoff in the Colorado headwaters and Texas more than 75% of model simulations project a near-term decline.
For context, a reduction in Colorado River flow of 10% is comparable to the variability of decadal mean flows over the past century (for example, ref. 8 and Supplementary Information). Furthermore, a 1,200-year tree-ring reconstruction of Colorado River flow at Lee's Ferry 27 has the very lowest value of 20-year means (during the twelfth-century megadrought), about 15% lower than the long-term mean (see also ref. 28 ). Hence, anthropogenic climate change is projected to lead to a potential reduction of Colorado River flow comparable to the most severe, but temporary, long-term decreases in flow recorded. These projected declines in surface-water availability for the coming two decades are probably of sufficient amplitude to place additional stress on regional water resources given the pressure of meeting agricultural demands as well as those of a growing population while needing to preserve riparian ecosystems.
Methods
Model simulations were selected from the CMIP5 archive that were continuous from 1950 to 2040 between the historical simulations and the RCP85 projection. The RCP85 emissions scenario is comparable to the business-as-usual scenario within CMIP3 and represents a continuation of no mitigation and high emissions. In 2040, the CO 2 concentration in RCP85 is 489 ppm. The CO 2 concentration difference between this scenario and the RCP45 scenario, which represents some mitigation, is almost zero in 2021 and 29 ppm in 2040 and then diverges strongly in the later half of the twentieth century. Models were used if they contained data for P, E, surface air temperature, soil moisture and runoff. This led to exclusion of some models and simulations, leaving 16 models. For these 16 models, the data were then regridded to a common one-degree-latitude by one-degree-longitude grid. (Results were essentially the same when regridded to a coarser two-degree grid.) Using these 16 models we formed ensemble means for each model by averaging together all of the retained simulations conducted with that model. With this multimodel ensemble the mean, median and 25th and 75th percentiles of the spread across the multimodel ensemble were computed for the differences in P, E, P − E, surface air temperature, runoff and soil moisture. Details on the models used, their resolution and their simulations of the seasonal cycles of P and runoff and natural decadal variability of P − E in the southwest can be found in the Supplementary Information.
